A tovaquone, a component of the safe and effective antimalarial medication Malarone, kills both the blood and liver stages of malaria (1) . The rollout of cheap generics should see increased atovaquone usage, and atovaquone derivatives are in development (1) . Atovaquone is prone to resistance (1) , and it has been assumed that this resistance will spread (2, 3) , as it has for other antimalarials (4, 5) . However, the target of atovaquone, cytochrome b (cytB) (6) (7) (8) (9) , has unique genetics (10) (11) (12) and experiences differential selection across the malaria parasite life cycle (13) , which prompted us to investigate whether atovaquone resistance can spread via the mosquito vector.
We tested three atovaquone-resistant strains of the rodent malaria parasite Plasmodium berghei, each with different mutations in their mitochondrial DNA-encoded cytB gene (14, 15) , for transmissibility from mouse to mosquito and back to mouse (Table 1) .
Anopheles stephensi mosquitoes were fed on mice infected with either the parental PbANKA strain or one of the three atovaquone-resistant mutants, and sexual development of parasites in mosquitoes was assayed (Table 1 ). All three atovaquone-resistant parasite lines produced wildtype numbers of active male gametes (exflagellation) ( Table 1) . Parasites carrying the PbM133I and PbY268C mutations in their cytB gene were able to self-fertilize, generate ookinetes, and successfully produce oocysts, but the oocysts produced had developmental defects (Fig. 1, A and B, and Table  1 ). Parasites with the PbY268N mutation were defective in the ability to self-fertilize and infect the mosquito host (Table 1) due to severely impaired female gamete activation (Fig. 1C) . From 17 attempted mosquito infections, no parasite carrying an atovaquone-resistant cytB mutation was able to generate the sporozoite stages in the mosquito salivary glands or was able to infect a naïve mouse (Table 1) . We conclude that the rodent malaria atovaquone-resistant cytB mutants tested-which represent a good cross section of the clinical atovaquone-resistant genotypes, including the common Y268 locus (16)-are unable to transmit from mouse to mouse via A. stephensi mosquitoes when self-fertilizing.
To determine whether outcrossing with atovaquone-sensitive parasites could help transmit the atovaquone resistance genes, we generated crosses of our atovaquone-resistant P. berghei lines with atovaquone-sensitive parasites. These experiments simulate what might happen if a mosquito bit an individual (or separate individuals) infected with both atovaquone-resistant and atovaquone-sensitive parasites, which can then mate in the mosquito gut. They allow us to assess whether the presence of wild-type copies of the cytB genes from one parent can complement a mutation in the other, as observed with deletions of electron transport components encoded in the nuclear genome (17) . We first crossed PbY268C with an atovaquone-sensitive line (wild-type cytB) carrying a mutation (15) in the nucleus-encoded dihydrofolate reductase (dhfr) gene conferring pyrimethamine resistance (PbdhfrS110N) by pooling blood from separate infected mice and then membrane-feeding mosquitoes. Sporozoites were produced, and all 14 naïve mice bitten by these mosquitoes (three trials) developed blood-stage infections. Genotyping of these progeny [passage zero (P0)] showed that outcrossing had occurred because 2 out of 14 mice carried parasites with both the wild-type and pyrimethamine-resistant (S110N) alleles of Pbdhfr. However, all 14 mice carried parasites with only wild-type, atovaquonesensitive cytB alleles; outcrossing did not facilitate transmission of atovaquone resistance.
To explore this further, and quantify the level of outcrossing, we fed A. stephensi mosquitoes from mice infected with equal numbers of an atovaquone-sensitive line that constitutively expresses green fluorescent protein (GFP) from the nucleus (18) and one of our three atovaquoneresistant lines (PbM133I, PbY268C, or PbY268N), which lack GFP. All crosses between sensitive (PbGFP) parasites and our atovaquone-resistant parasites successfully infected the mosquitoes, and these mosquitoes were able to infect naïve mice by biting ( Table 2 ). Presence in the progeny of both the GFP and the wild-type (no GFP) nuclear markers confirmed outcrossing (Table 2) . However, all the progeny had wild-type cytB genotype and were sensitive to atovaquone (Table 2 and fig. S1 ), reaffirming that the resistance mutations cannot be complemented and transmitted, even when one parent carries a wild-type version of the gene. We conclude that outcrossing cannot assist transmission of the commonly occurring cytB mutations conferring atovaquone resistance.
The malaria parasite cytB gene is encoded on maternally inherited mitochondrial DNA (10) (11) (12) , which implies that known forms of atovaquone resistance must be maternally inherited. We reasoned that the block in mosquito-stage development when atovaquone-resistant parasites attempt to self-fertilize (Table 1) is due to the mutation in the cytochrome b protein in the mitochondrion, which is only carried by the female gamete and effectively renders cytB mutant females sterile. To confirm this, we crossed our three P. berghei atovaquone-resistant lines with parasites genetically modified to be either male sterile (genotype Pbs48|45ko) or female sterile (genotype Pbnek-4ko) (19, 20) . If atovaquone resistance is indeed linked to mitochondrial inheritance, we expect normal genetic recombination from crosses to male-deficient parasites but no progeny from attempted crosses to a second female-deficient line. After confirming the phenotypes of the tester parasite lines (18) (19) (20) , we crossed each of them with our three P. berghei cytB mutants. Crosses to the male-deficient line resulted in recombinant progeny (Table 2) , confirming previous results from outcrossing to wild type. Again, though, all progeny from these crosses had wild-type, atovaquone-sensitive cytB genotype (Table 2 ), so they must have acquired their mitochondria from Pbs48|45ko female gametes (Fig. 2C) .
Crossing atovaquone-resistant lines with the female infertile Pbnek-4ko (20) resulted in no progeny in 16 of 17 attempts to transmit to a naïve mouse (Table 2) , largely confirming our hypothesis that the atovaquone-resistant mutants are effectively female sterile. In a single instance, parasites carrying the Y268C mutation were transmitted but with a markedly reduced efficiency (8 days to patency) ( Table 2 ). Three independent cloned lines of the parasites recovered from this sole transmission event (named PbY268C P0) were unable to retransmit when either self-fertilized or backcrossed to Pbnek-4ko parasites (Tables  1 and 2 ); passage had not improved their transmissibility. In sum, from 44 separate transmission attempts involving 750 mosquito bites, atovaquone resistance transmission was only observed once, and this mutant was unable to transmit further despite seven attempts. We conclude that the cytB mutations in the mitochondrial DNA of atovaquone-resistant rodent malaria parasites render them effectively female sterile and hence largely unable to pass on the resistance gene, which must be inherited through the mitochondrion (Fig. 2) . To determine whether the impact of cytB mutations conferring atovaquone resistance on transmission is similar in the human malaria parasite (P. falciparum), we selected atovaquone-resistant lines by repeated exposure to sublethal concentrations of a drug during in vitro culture (16) (Table 1 ). In vitro cultured gametocytes were fed to A. gambiae mosquitoes, and oocyst numbers were counted 7 days after infection ( Table 1) . The parental line (NF54e) retained normal mosquito infectivity (Table 1) . However, the two atovaquone-resistant mutants were severely impaired in their mosquito infectivity and in the number of oocysts produced when infection did occur ( Table 1) . The severe defect in activation of female gametes phenocopies the reduced number of activated females in the rodent malaria PbY268N (Fig. 1C) . We conclude that human P. falciparum malaria parasites carrying atovaquone resistance mutations in cytB are unable to successfully infect SCIENCE sciencemag.org 15 A. gambiae mosquitoes, which strongly suggests that human malaria parasites will also be unable to transmit atovaquone-resistant mutations efficiently.
Our findings show that common, clinically relevant atovaquone resistance mutations block transmission of malaria by the mosquito vector and that this phenotype is a consequence of maternal inheritance of the mitochondrion. Why are cytB mutations "genetic time bombs" that affect the mosquito stages of the parasite so severely? All clinically recovered atovaquone resistance mutations are in the quinol oxidase (Q o ) site of the mitochondrionencoded cytochrome b protein and prevent atovaquone from displacing ubiquinone from complex III in the mitochondrial electron transport chain (1, 6-9, 16) . Importantly, ubiquinone → cytochrome b electron transport operates at only Fig. 1 . Atovaquone-resistant parasites generate small, malformed oocysts in the mosquito that fail to form infectious sporozoites. (A) (a to e) Developmental series of oocyst sporogony in PbANKA (atovaquone sensitive and wild type) over~18 days. The sporoblast buds off hundreds of long, thin sporozoites within the cyst wall. (f to j) Atovaquoneresistant mutant (PbM133I) has smaller oocysts with dense cytoplasm, and sporozoite budding is minimal. Rare oocysts (j) form short, thick sporozoites that do not emerge. (k to o) Atovaquone-resistant mutant (PbY268C) also has small, dense, misshapen oocysts that fail to bud off any sporozoites. Scale bar, 25 mm. (B) Quantification of oocyst area at 12 days after feeding, showing reduced size of atovaquone-resistant parasites. Bars represent median with interquartile range. ***P < 0.001); difference between three atovaquone-resistant lines is not significant (P > 0.05); Dunn's multiple comparison test. (C) Number of activated females in P. berghei (all activated forms 24 hours after feeding) and P. falciparum (females and zygotes present 20 hours after feeding). minimal levels during the malaria parasite blood phase, which relies solely on aerobic glycolysis (21) . Nevertheless, nominal transport is essential, primarily as an electron sink for pyrimidine biosynthesis (22) . We hypothesize that the modest levels of mitochondrial electron transport during blood phase offer relaxed selection on cytB-which is multicopy and easily mutable (3, 23)-allowing respiration-deficient mutants (8, 24) with reduced atovaquone binding (9) to be readily selected by drug pressure. However, when these mutants switch to the mosquito phase-which relies on full aerobic respiration with an active tricarboxylic acid cycle (25) , robust electron transport (17, 26, 27) , and mitochondrial adenosine triphosphatase activity (28)-the respiration deficits of the cytB mutants (8, 24) prevent them from completing their development and generating infectious sporozoites. This results in a block of transmission of atovaquone resistance genotypes to new hostsa block that cannot be overcome by outcrossing because cytB is maternally inherited.
Cytochrome b is thus a rather unique malaria drug target. Its genetics are constrained by maternal inheritance (10) (11) (12) 29) , there is no recombination of mitochondrial DNA (23) , and markedly different selection regimes in the mammalian versus the mosquito hosts (17, 25, 26, 28) all combine to restrict the parasite's options to disseminate mutations conferring resistance to atovaquone, even though they can arise relatively quickly in patients (2, 3) . These constraints likely apply to other cytochrome b targeting drugs currently under development (30) (31) (32) and perhaps to drugs targeting the maternally inherited apicoplast (10) (11) (12) 29) , an endosymbiotic organelle drug target that also has differential activity across the life cycle.
